Creep crack incubation of Type 316H stainless steel at 550°C is explored in this article. Fracture mechanics specimens, subjected to combinations of residual and applied loads and in the presence of elastic follow-up, are tested. The design of two new test rigs is described. The rigs introduce planned levels of elastic follow-up together with combined residual and applied loading conditions to the specimens. A series of high-temperature elastic-plastic and elastic-plastic-creep experiments are undertaken to compare the experimentally determined values of elastic follow-up with the theoretical values. A further series of fracture mechanics tests are performed to measure creep crack incubation and material toughness for samples subjected to constant load and for tests under combined loading with elastic follow-up. It is demonstrated that for tests subjected to the same initial reference stresses, longer incubation times are attained for elastic follow-up tests compared to constant load tests. Also, combined loading tests exhibit longer creep crack incubation times based on the same measured material toughness obtained from constant load tests. This suggests that not all the available strain energy provided by combined loading to a specimen at high temperature contributes to creep crack incubation.
Introduction
Residual stresses play an important role in the life assessment of structural components operating at high temperature. Such stresses arise from misfit strains produced usually during component manufacture and final fabrication. One example is the residual stress created during welding of thick-section austenitic stainless steels for power plant applications, 1,2 leading to the formation of cracks while operating at high temperature.
To ensure that accurate life assessments are made, it is necessary to understand how residual stresses interact with applied service loads. One route is to assume that the total stress is the sum of the applied and residual stresses. This assumes that both stresses are treated as primary stresses (e.g. load controlled). An alternative approach 3 is to consider residual stress as a secondary stress (e.g. displacement controlled). When the component is operating at high temperature and creeping, the residual stress relaxes. In practice, the interaction of the residual and applied stress depends on how the region of interest in a component, such as a stress concentration, behaves and interacts with the surrounding material. This is illustrated in Figure 1 . For the component in load control (as if a primary stress), the material creeps at the same stress. In displacement control (as if a secondary stress), creep leads to stress relaxation. Now consider a two-bar structure as shown in Figure 1 subjected to displacement control. There is the potential for elastic follow-up during creep, 4 that is, as the thinner bar creeps, the larger bar unloads and controls the stress applied to the thinner bar. Elastic follow-up occurs when the stiffness of a part of a structure having parallel or series load paths is reduced. This reduction in stiffness is a result of non-linear deformation such as plasticity, creep and the initiation and growth of cracks. [5] [6] [7] Importantly, the elastic follow-up results in additional strain accumulation than would be expected from pure stress relaxation as illustrated in Figure 1 but less than for primary stress alone. A definition of elastic follow-up is provided later.
Although Figure 1 illustrates structural behaviour for either applied displacements or loads, structures containing combinations of primary and secondary stresses behave similarly. The contribution of a residual stress to the primary stress at the stress concentration depends not only on the accommodation of the original misfit through permanent deformation but also it is governed by the elastic follow-up caused by the changes in relative stiffness in the structure. The effects of elastic follow-up and relaxation of residual stresses, as a result of localised plastic deformation and fracture, were explored in detail through a series of experiments by Smith and colleagues 6,7 using a multiple bar system.
Situations that lead to creep crack incubation in steels operating at high temperature have been mostly examined for primary loading (i.e. samples are subjected to constant load alone). 8 Here, incubation refers to the onset of creep crack growth from an existing defect. Based on load-controlled tests, the times for existing cracks to grow a certain distance have been related to material toughness, K mat . 9, 10 This is equivalent to fracture toughness for elastic-plastic fracture. For high-temperature fracture, K mat is a function of the material's elastic-plastic and creep properties. The material toughness is then used within a hightemperature failure assessment diagram (HTFAD) to determine the loading conditions in a structure for the extension of cracks by creep. 9 The structure can be subjected to a combination of primary and secondary loads, and it is assumed that K mat is a material property independent of the loading conditions.
More recently, [11] [12] [13] work has examined the effect of residual stress (secondary stresses) on creep crack incubation. This is done by creating residual stresses that are self-equilibrating within the laboratory specimens rather than the specimen being part of a structure where the residual stresses are balanced within the structure. Turski et al. 11 and O'Dowd et al. 12 subjected notched laboratory specimens to prior in-plane compression to create residual stresses within the specimen to study the development of creep damage leading to creep crack incubation. Hossain et al. 13 utilised local out-of-plane compression to induce near crack tip residual stresses in the laboratory specimens. Again the conditions for the formation of creep damage ahead of a crack, with the residual stresses acting as the driving force, were examined, but these studies did not determine whether material toughness for secondary loading was the same as for load control.
In these earlier studies, [11] [12] [13] residual stresses were concentrated in a small volume of the material, with stresses, near to the notch or crack tip, being highly tensile and changing rapidly to compressive stresses several millimetres away from the crack tip. Residual stresses were measured over relatively small distances ahead of the notch or crack using neutron and X-ray diffraction techniques. Since residual stresses relax during creep, the tests were interrupted at different times to measure the change in residual stress. However, the rate of residual stress relaxation is proportional to the elastic follow-up, 6 and this was neither measured nor determined in the earlier work. [11] [12] [13] Consequently, it is not known the extent to which additional creep created during elastic follow-up contributed to damage accumulation or simply reduced the initial misfit leading to relaxation of residual stresses.
In contrast to these earlier studies, the experimental approach by Smith and colleagues 6, 7 assumes that the laboratory specimen is within a structure and the residual stresses self-balance throughout the structure. This is the method adopted for this research. The main purpose of this research was to determine whether creep crack incubation times and material toughness are the same when a fracture mechanics sample is subjected to combined primary and secondary loads. Simple test rigs were manufactured to permit measurement of the residual and applied stresses directly and at any time in a test. Two test rigs were created to provide two levels of elastic follow-up. The rigs were designed to operate at high temperature and to permit creep crack incubation to occur in the specimens containing pre-existing cracks.
The remainder of the article describes, in section 'Test rig design', the design of the test rigs, with section 'Experimental studies' explaining the subsequent experimental studies. Test results are presented and discussed in section 'Results and discussion'. It is revealed that there is continuous residual stress relaxation in the test rigs and the specimens. Compared to constant load tests, it is shown that creep crack incubation times increase with decreasing levels of elastic follow-up, and the measured material toughness is a function of the loading conditions.
Test rig design

Conceptual design
Two new test rigs were constructed each based on a classical three-bar system 6,7 illustrated in Figure 2 . The rigs were developed to introduce long-range residual stresses into a laboratory specimen through strain incompatibility in the system. This system has several key features convenient for its application to hightemperature creep. The magnitude and the interaction of the residual stress with the applied loading are a function of the initial misfit displacement and the relative stiffness of the system components. The subsequent creep behaviour of the system, with and without the application of additional loading, is governed by (a) the degree to which the misfit is accommodated by plastic and creep strain in the laboratory specimen and (b) the elastic follow-up caused by changes in system stiffness. Importantly, all elements of the system can be monitored for the applied and residual forces and displacements throughout a test. Figure 2 shows an idealisation of the three-bar system consisting of two side bars 'B' and a middle bar combination of bar 'A' and a fracture mechanics specimen. Bars A and B deform elastically and have stiffness k A and k B , respectively. The fracture mechanics specimen has an initial stiffness, k S . An initial misfit, X, between the bars, created by joining the bars together, introduces residual forces (or fit-up stresses) into the system. With the arrangement shown in Figure 2 , there is tension in both bar A and the fracture specimen with balancing compression in bars B. Alternatively, the system can be arranged so that bar A and the fracture mechanics specimen are in compression with balancing tension in bars B. With the fracture specimen in either tension or compression, the residual force in bar A and the specimen does not self-equilibrate across the section of the fracture mechanics specimen (i.e. not in internal equilibrium), but is in equilibrium with the net forces in the outer bars. As will be shown later, the system is designed so that non-linear deformation (plasticity and creep) is confined only to a localised region in the fracture mechanics specimen. The overall system can also be subjected to an external (applied) load.
In earlier work, Smith et al. 6 showed that when a multiple bar system is subjected to combined residual and applied stresses, the system exhibits elastic follow- up when the central section of the system exhibits nonlinear deformation. This earlier work used a round bar in the centre of the system and the same concept applies to the fracture mechanics specimen in the system shown in Figure 2 . It is assumed that only the fracture mechanics specimen undergoes non-linear deformation and all other components in the system remain elastic. For example, assuming that the fracture mechanics specimen behaves as an elastic-perfectly plastic material with a reference stress and strain response as shown in Figure 3 , the elastic follow-up factor is defined by
where e f is the final total reference strain the fracture mechanics specimen achieved at the maximum load, e e is the elastic reference strain provided by the final reference stress, s f , and e i is the initial elastic reference strain that the specimen would achieve at the maximum load if it had not exhibited plastic deformation. The elastic follow-up caused by the changes in stiffness in the system leads to additional strain accumulation in the sample as illustrated in Figures 1 and 3 . The elastic follow-up factor, Z, is a number that lies between N (load control) and 1 (displacement control) and its value depends on the stiffness of the bars in the system relative to the fracture mechanics specimen. This is provided that the bars in the system remain elastic. The ratio, b, of the stiffness of bar A to the specimen stiffness (i.e. the series elements of the system) is given by
For a connecting bar A with circular section and diameter, d A , the stiffness is
where E A is the Young's modulus, d A the diameter and L A the length of inner bar A. The fracture mechanics specimen is a C(T) specimen and its elastic stiffness under pin loading is given by 14 
where B n is the net section thickness of the specimen, E S is the Young's modulus, a 0 is the initial crack length and W is the width of the specimen. The effective stiffness k eff of bar A and the specimen is determined from
The ratio, a eff , of the stiffness of the outer bar, 2k B , to the inner system stiffness, k eff (i.e. the parallel elements of the system), is given by
and assuming that the outer bars have circular cross sections, k B is given by
where E B is the Young's modulus, d B the diameter and L B the length of outer bar B. Smith et al. 6 show that an overall elastic follow-up factor Z caused by changes in stiffness in the system is described by
where
A detailed derivation of this is given in Smith et al. 6 Figure 3 shows the inverse of the overall elastic followup factor, Z, as a function of the relative effective stiffness ratio, a eff , and the series stiffness ratio, b. Displacement-controlled conditions correspond to a combination of high values of b and a eff , that is, when the inverse of elastic follow-up factor tends to 1. However, as b decreases, the system tends towards more load-controlled conditions, that is, as the inverse of the elastic follow-up tends to 0. Between the extremes of load and displacement control, there are mixed boundary conditions (i.e. neither displacementnor load-controlled conditions) on the fracture mechanics specimen.
A residual stress state is created in the system by introducing an initial misfit, X, between the outer bars and the central bar and specimen. It can be shown that the residual force, F R S , is given by 6,7
The residual force in the fracture specimen is a function of three parameters: the stiffness of the specimen, the initial misfit and the relative stiffness of the assembly. If any of these parameters change as a result of subsequent loading, then on unloading the level of residual force will change. If the specimen undergoes sufficient permanent deformation equal to the initial misfit displacement, the initial force reduces to 0. Further details of how changes to either the stiffness or misfit influence the magnitudes of the residual force are explored by Aird et al. 7 Equations (2)-(10) were used as a basis for the design of two test systems, one with low elastic follow-up and the other with a higher follow-up.
Design of experimental rigs
Two experimental rigs with different elastic follow-up factors were designed using the three-bar concept shown in Figure 2 ; rig 1 to provide a target value of Z equal to about 2 and rig 2 with Z equal to about 6. These values are illustrated in Figure 4 . The designs of the rigs were constrained by a number of practical features such as the available ceiling height in the creep laboratory and the dimensions of three-zone electric furnaces. An optimisation method, based on a genetic algorithm, 15 was used to achieve the target values of elastic follow-up. The algorithm determined the diameters of the outer bars to achieve the target values of Z using constraints of furnace dimensions and ceiling height. The analysis also assumed the following: fixed dimensions for a modified C(T) specimen (initial crack length a 0 = 19 mm, specimen width W = 38 mm and net section thickness B n = 15 mm), use of conventional cylindrical three-zone electric furnaces with a maximum internal diameter of 130 mm, allowing a clearance of 5 mm between the side bars and the inside of the furnace, an overall height of the complete assembly of about 1 m, ease of assembly of the rigs (this constrained the size of the nuts used to impose the residual stress), an ability to introduce known residual stress at high temperature without buckling the outer bars and then applying a predetermined load to each test rig.
A schematic diagram of the final design is illustrated in Figure 5 . The final overall heights of rigs 1 and 2 were 740 and 865 mm, respectively. The test rigs were designed to operate at 550°C and to subject fracture mechanics specimens, manufactured from Type 316H stainless steel, to combinations of elastic follow-up, residual and applied loads.
Bars A and B were manufactured from Nimonic 80A and were screwed to rectangular top and bottom end sections, manufactured from EN24T steel. Four high-temperature strain gauges (type ZFLA-3-11) were mounted on bars A and B at 90°intervals around their circumference to measure the applied strains and to determine the corresponding loads on the bars. Additionally, a load cell was introduced to measure external loads applied to the rigs. The overall arrangement was fitted into a creep test frame so that an external load was applied to the assembly via a lever arm arrangement as illustrated in Figure 5 .
To measure the total displacement of the structure, two linear voltage displacement transducers (LVDTs) were mounted between the upper and lower sections. Also, capacitance gauges were fixed to the C(T) specimens to measure load line displacements. Seven thermocouples were used in the system to measure fracture specimen temperatures, temperatures at the positions of the strain gauges and the laboratory temperature. A direct current potential drop (PD) system was connected to the C(T) specimen to measure crack incubation and growth.
Initial designs for the experimental rigs involved using pins to transfer the load from the test rigs to each C(T) specimen. However, earlier experimental studies by Aird 16 showed that pin loading introduced significant changes in stiffness due to the presence of localised yielding between the pin and the specimen. To avoid this, the fracture specimens were modified to permit the specimen to be screwed directly to the Nimonic loading bars. A schematic of the revised C(T) specimen with locations for loading screws is shown in Figure 6 . 
Introduction of residual stress
The experimental rigs were designed so that long-range residual stress was introduced into the rig in a controlled manner. This was done by first connecting the Nimonic middle bars to the C(T) specimen and then screwing this completed assembly to the top and bottom end sections. The outer bars were then connected to the top end section and were free to move through the clearance holes in the bottom end section. All instruments were then connected to the test rig and the furnace, specimen and side bars and were heated to achieve 550°C for the C(T) specimen. This arrangement permitted free thermal expansion of the bars and the specimen. When a stable temperature was achieved, nuts S11 and S21 (shown in Figure 5 ) were loaded so that the top and bottom end pieces were forced apart. This resulted in bar A being loaded in tension and bars B subjected to balancing compressive forces. The force in each bar was determined from the strain gauge outputs. Finally, when the desired residual force was introduced into the structure (at high temperature), nuts S12 and S22 on bars B were tightened to the bottom end section.
Having introduced the desired residual force into the C(T) specimen, the entire assembly was then subjected to an applied load. The residual forces in all three bars, crack mouth opening displacements (CMODs) of the C(T) specimens, PD readings and overall extensions of the rigs, were recorded during the process.
Experimental studies
Sample preparation
An ex-service Type 316H stainless steel was used to manufacture fracture mechanics C(T) specimens. This material was provided as thick-walled pipes by EDF Energy and identified as 2D2/2 (cast no. 55882). The chemical composition of the stainless steel is shown in Table 1 . The ex-service material had seen about 72,000 h operation at about 520°C. Eighteen specimens were extracted from thick-walled pipes so that the cracks in the specimens were parallel to the radial direction. The specimens were manufactured according to ASTM 1457-00:2000 17 for pin-loaded samples. Other specimens with a screw fitting arrangement, as shown in Figure 5 , were also manufactured. All C(T) specimens had cracks introduced using wire electrodischarge machining (EDM) and a wire diameter of 0.1 mm.
A summary of the dimensions of the specimens is given in Table 2 . Three sets of specimens were prepared: a set for calibration studies (two tests), a second set for creep incubation experiments using conventional constant load creep test rigs (12 tests) and a third set (four tests) for use in the new experimental rigs. Of the conventional constant load tests, five tests (specimens BLP-01-BLP-05) had been tested by Fookes 18 and Dean and Gladwin 19 and are included here for comparison. The remaining constant load specimens were tested in this programme and were a combination of pin-loaded C(T) specimens (ALP-01-ALP-03) and screw-loaded C(T) specimens (ALS-01-ALS-04). Finally, the screw-loaded specimens for the elastic follow-up tests were AMS-01 and AMS-02 for rig 1 and AMS-03 and AMS-04 for rig 2.
The aim of the calibration studies was to establish whether the experimental rigs provided the target values of elastic follow-up. One-millimetre-diameter holes (notches) were introduced at the end of 0.1-mmwide cracks in specimens MC-01 and MC-02 and used to confine the non-linear behaviour of the C(T) specimen to local deformation and not crack growth. For the creep crack incubation tests, the 0.1-mm-wide cracks were retained. All the specimens were then side grooved each side by 10% of their thickness.
Calibration tests
A series of calibration tests were conducted and divided into two categories: preliminary stiffness tests on the components of the rigs and elastic-plastic load-unload tests using Type 316H stainless steel C(T) notched specimens MC-01 and MC-02 (shown in Table 2 ). All tests were carried out at 550°C. The preliminary stiffness tests were conducted to obtain the experimental values for the stiffness of bars and specimens. These results were then used to determine the experimental values of elastic follow-up for the rigs. Loads were confined to low values so that material behaviour was elastic. First, only bar A with the screw-loaded notched C(T) specimen was connected to both end sections. This was followed by heating the system to achieve 550°C in the C(T) specimen. When a stable temperature was reached, external loads were applied to the middle bar via the lever arm arrangement and the measurements of displacements and loads were made. The temperature profiles along the length of the various components of the rig were also measured. Data from this tests provided measured stiffness values for the series bar A and the C(T) specimen.
In a second stiffness test, bars B were connected to the top and bottom end sections of each test rig with bar A and a notched C(T) specimen connected only to the top end section and free to move while the system was heated. Again, external loading was applied and the measurements of displacements and loads were made. The results from these tests provided the stiffness of the outer bars, B.
In the second category of calibration tests, the experimental rigs, containing notched C(T) specimens, were preloaded (i.e. residual force/stress was induced), then externally loaded to create elastic-plastic deformation in the C(T) specimen and unloaded to measure the relaxation of residual force. The extent of force relaxation depended on the elastic follow-up. First, a residual stress was introduced into the structure as discussed earlier. Then the entire assembly was repeatedly loaded and unloaded to progressively higher load levels to induce elastic-plastic deformation in the notched C(T) specimens. The residual forces in all three bars, CMODs of the C(T) specimens and overall extensions of the rig were recorded for both loading and unloading.
Creep crack incubation experiments
Two sets of creep crack incubation tests were carried out: conventional constant load tests using lever arm test machines and elastic follow-up tests using the new test rigs 1 and 2 ( Figure 5 ). Each test specimen was heated within a three-zone electric furnace. Conventional constant load tests were conducted using both pin-and screw-loaded C(T) specimens. Specimens ALP-01-ALP-03 and specimens ALS-01-ALS-04, shown in Table 2 , were tested in this programme. Specimens BLP-01-BLP-05 had been tested in earlier work., 18, 19 The test samples (AMS-01-04), used in experimental rigs 1 and 2, were all screw-loaded C(T) specimens.
In all tests, the preloads and applied loads were devised to provide target values of reference stress, s ref , that were similar to those undertaken in earlier work. 18 A plane stress von Mises reference stress was determined from 18
where n L is a normalised limit load function given by
The loads required to achieve the target values of reference stress for constant load specimens are shown in Table 3 . The elastic follow-up tests in rigs 1 and 2 each had samples subjected to combinations of misfit and applied loads to achieve initial total reference stresses of 280 and 240 MPa. These loads are shown in Table 4 . For the tests in rig 1, the target values of misfit or initial force in specimens AMS-01 and AMS-02 gave rise to misfit reference stresses of about 180 MPa. For tests in rig 2, specimens AMS-03 and -04, the misfit reference stress was about 130 MPa.
Capacitance gauges were mounted on the C(T) specimens to measure CMODs. Direct current PD was used to measure onset of crack incubation and growth. The duration of each test is shown in Tables 3 and 4 . Once the tests were stopped and unloaded, the specimens were sectioned to measure final crack lengths and to examine the details of crack extension from the initial EDM starter notches.
Results and discussion
Estimates of elastic follow-up from system stiffness
The theoretical values of the elastic follow-up Z of the two test rigs were calculated using equations (2)-(9). To do this, it was necessary to determine an average Young's modulus for bars A and B. This was because different sections of the three-bar system were exposed to different temperatures when the C(T) specimen was maintained at 550°C. From the temperature profile, an average Young's modulus 20 was calculated to provide values of stiffness of the various elements of the system shown in Figure 5 . Irrespective of whether the specimens were screw-loaded rather than pin-loaded in the two test rigs, the specimen stiffness was determined from equation (4) assuming an initial crack length of 19.5 mm. The theoretical values obtained from the analysis are given in Table 5 .
The experimental values of elastic follow-up were calculated from data provided from the preliminary tests. The stiffness of each C(T) specimen at high temperature was obtained from the slope of the measured CMODs as a function of the applied load (measured by the system load cell). The stiffness of bar A ( Figure  2 ) was determined again from the slope of the total measured displacement (with the CMOD subtracted) as a function of the applied load. Data from tensile tests conducted on side bars B in the elastic region (at 550°C) were used to calculate the stiffness of the side bars. The loads acting on each bar were calculated using strain gauges mounted on the bars and the displacement measured from LVDTs shown in Figure 5 .
The experimental values of stiffness of the elements of the system are given in Table 5 together with the corresponding values of elastic follow-up.
The experimental values of the stiffness of the screwloaded C(T) specimens were found to be higher than the theoretical values. However, this was balanced by lower experimental values of bar A for each test rig, giving lower values of the experimental effective stiffness for bar A and screw-loaded C(T) specimen in each test rig compared to the theoretical values. This results in the experimental stiffness ratio b being lower than the predicted values. Overall, the experimentally evaluated elastic follow-up provided by the system to the screwloaded C(T) specimen in each test rigs matched the theoretical values within about 10%. The experimental values of Z are shown in Figure 4 .
Estimates of elastic follow-up from repeated loadunload tests
The preloaded high-temperature tests, using the notched and screw-loaded C(T) specimens MC-01 and -02, subjected to repeated loading and unloading (to zero applied load), provided results as shown in Figure 7 . In each test, the specimens were preloaded (through elastic misfit) to introduce a nominally identical residual force (about 6.3 kN). This is point A in Figure 7 . The application of additional external loading led to elastic-plastic deformation occurring in the notched C(T) specimen. On subsequent unloading, the initial residual force had been reduced since the accumulated plastic deformation had accommodated the initial elastic misfit. For example, as a result of repeated loading and unloading on specimen MC-01 in test rig 1, the initial tensile residual force in middle bar relaxed from 6.25 to 2.83 kN (point B in Figure 7 (a)) while the average compressive residual force in the side bars relaxed from 3.14 to 1.43 kN. Similar load-CMOD characteristics were exhibited during testing of specimen MC-02, as shown in Figure 7 (b). The line AB in Figure 7 (a) and (b) corresponds to the locus of unloaded points (at zero applied load) and revealed that the relaxation of the initial residual stress was proportional to the degree of plastic CMOD accumulated in each specimen. An important feature of the behaviour of both test assemblies is that the relaxation line AB has a slope dependent on the relative stiffness of the assembly and in turn corresponded to the elastic follow-up associated with the structure. The initial preload relaxed more in the rig with low elastic follow-up compared to the rig with high follow-up. The locus of points for the relaxation of the initial residual force was approximately linear and the elastic follow-up was determined using an approach developed by Smith et al. 6 The elastic followup, Z R , estimated from relaxation of the initial residual force in the specimen, is obtained from the ratio of the CMOD at points A, B and C, as shown in Figure 7(a) . Z R is given by
This is equivalent to the definition for Z provided by equation (1) . The values for Z R for rigs 1 and 2 obtained from Figure 7 (a) and (b) were 2.15 and 12, respectively. The experimental result from the repeated load-unload tests in test rig 1 is similar to both the theoretical and experimental values obtained from the relative stiffness of the elements of the system. These values are given in Table 5 . In contrast, Z R for rig 2 was higher than the estimates given in Table 5 .
Creep deformation and elastic follow-up
For the specimens subjected to creep deformation, selected experimental load versus CMODs of some of the C(T) specimens are shown in Figure 8 . Constant load test data for specimens ALS-02 and ALS-03 (at initial reference stresses of 280 and 240 MPa, respectively) are compared in Figure 8 (a) with specimens AMS-03 and AMS-01 (both subjected to initial reference stresses of 280 MPa). Figure 8(b) compares the test results for specimens AMS-02 and AMS-04 with ALS-03, all of which had an initial reference stress of 240 MPa.
All specimens experienced significant plastic deformation prior to creep. As observed by Fookes and Smith, 10 this is a feature of the behaviour of Type 316H stainless steel when specimens are subjected to reference stresses in excess of the yield strength (172 MPa at 550°). Notably, during initial loading of specimens with elastic follow-up, the creation of plastic deformation in the specimens led to elastic follow-up and initial relaxation of the initial misfit and total forces on the specimens prior to creep. This is particularly evident in Figure 8 (a) and (b) for specimens in test rig 1, AMS-01 and -02. The target reference stresses of 280 MPa and 240 MPa could not be attained due to plastic relaxation of the misfit force. For example, the initial misfit force in specimen AMS-01 reduced from 9.38 to 8.04 kN.
Relaxation of the specimen forces in the four elastic follow-up tests, illustrated in Figure 8 (a) and (b), was accompanied by increasing amounts of CMOD. Unlike a constant displacement-controlled test, the increasing CMOD was caused by elastic follow-up in the system. The elastic follow-up in rig 1, with Z;2, led to significant load relaxation for specimens AMS-01 and -02. For the former specimen, the initial misfit load had relaxed in Figure 8 (a) from point A at 8.04 kN to point B at zero load with the initial total force relaxing from point A# at 14.53 kN to point B# at 4.62 kN. Similar behaviour was observed for specimen AMS-02 as shown in Figure 8 (b), with points A and A# corresponding to the initial misfit and total loads, and points B and B# the final misfit and total loads on the specimen.
For rig 2 with Z;7, there was less load relaxation, with the misfit and total loads, shown in Table 4 , relaxing between 6% and 12% by the end of the tests. The extent of load relaxation and elastic follow-up for specimens AMS-03 and -04 can be seen in Figure 8 .
The relaxation of the total reference stresses for three experiments, ASL-03, AMS-01 and AMS-04, are shown in Figure 9 . The reference stress in each case was calculated assuming there was no crack extension. Similar to the specimen load results shown in Figure 8 , there was only limited reference stress relaxation for specimen AMS-04, while specimen AMS-01 exhibited significant relaxation of the specimen reference stress.
The estimates of the elastic follow-up during stress relaxation of the four tests AMS-01-04 were determined in a manner similar to that for plastic deformation induced in the repeated load-unload tests MC-01 and 02. Referring to Figure 8(a) , where lines A-B and C-B are parallel to lines A#-B# and C#-B#, respectively, the experimental values of Z exp for each test were determined from
The values of elastic follow-up determined using equation (14) , using data from tests AMS-01 to -04, are shown in Table 6 . Also shown in Table 6 are the earlier theoretical and experimental results. It is notable that the values Z for the creep elastic follow-up tests are consistently lower than estimates provided by theory, experimental stiffness measurements and from the elastic-plastic tests MC-01 and MC-02.
Creep crack incubation
At constant load, the C(T) specimens continued to deform and cracks eventually initiated ahead of the initial EDM notch in the specimens. A typical micrograph obtained from a section extracted from the midthickness of specimen ALS-02 is shown in Figure 10 . This revealed a final crack extension of about 0.8 mm for a test duration of 541 h. The cracking was found to be intergranular and essentially identical to that found in earlier work by Fookes and colleagues 10, 18 (specimens BLP-01-05 in Tables 3 and 4 ). The final measured crack extensions were used to calibrate the voltage change obtained from the direct current PD system. Crack incubation times corresponding to 0.03, 0.1 and 0.2 mm crack extension were then determined. These times are shown in Figure 11 as a function of the initial applied reference stress, with the results from pinloaded specimen exhibiting a similar logarithmic trend to those from screw-loaded specimens. Nevertheless, the screw-loaded specimens exhibited shorter incubation times at relatively low reference stresses compared to the pin-loaded specimens. Irrespective of these differences, collated data were fitted with power law expressions for different amounts of crack growth. The crack incubation time, t i ½Da, was assumed to be given by 11 . Times for crack incubation to various crack growth increments for Type 316H stainless steel C(T) specimens subjected to constant load at 550°C.
where A and b are the fitted constants and s ref is the initial reference stress at the initial crack length. Fitted curves are given in Figure 10 with the constants A and b given in Table 7 . The slopes of the curves are approximately the same, but the slope, b, becomes slightly less negative as the crack extension becomes larger. The mode of crack growth was intergranular in the four elastic follow-up tests and identical to the constant load tests. The micrographs of two of the tests are shown in Figure 10 . The crack incubation times for the four elastic follow-up tests are shown in Figure 11 corresponding to crack increments of 0.03 mm. All the results are shown for incubation times based on the initial total reference stress. Also indicated are the final relaxed reference stresses for the four elastic follow-up tests. The key feature of these results is that for the same initial reference stress, the crack incubation times were significantly larger compared to constant load. Notably, results for specimens in test rig 1 with Z;2 the incubation times were the greatest, with the results from the Z;7 tests intermediate between the loadcontrolled data and Z;2 data. As expected, the greater the stress relaxation and lower the elastic follow-up, the longer the incubation time. Figure 12 shows that the incubation times, based on the final relaxed references stresses, for the Z;7 tests lie closer to the constant load times. In contrast, if the final relaxed stress in the Z;2 tests was used to estimate the crack incubation time (based on the constant load results), the predicted incubation times would be well in excess of those observed. Figure 13 shows the results from the elastic followup tests, again in terms of the initial total reference stress, but for crack increments equal to 0.1 mm. Once more, all elastic follow-up incubation data lie at times greater than the constant load tests for the same initial reference stress.
In addition to the results shown in terms of reference stress in Figures 12 and 13 , a fracture mechanics approach was adopted. A material toughness was calculated using procedures developed in earlier work 10 with the toughness K mat [Da], corresponding to the increment of crack growth from the initial notch, given by
where E 0 = E=(1 À n 2 ) and J mat is given by 21
For a C(T) specimen h = 2 + 0:522 1 À a 0 W for 0:454 a 0 W 40:7 ð18Þ U T is the area under the load-CMOD curves including the elastic, plastic and creep displacements. It was assumed that h was the same for both pin-and screwloaded C(T) specimens. Equations (16)-(18) were evaluated for all the specimens as shown in Tables 3 and 4 , and the corresponding initiation times for crack extension of 0.03 mm as a function of K mat are shown in Figure 14 . In the case of the constant load tests and similar to decreasing reference stresses leading to longer incubation times, the results in Figure 14 show that for longer incubation times, the material toughness decreases, that is, the slope in Figure 14 is negative. This is similar to the relationships between material toughness and creep crack incubation times shown in other work on steels tested at high temperature. 22 As with the results illustrated in Figure 12 , the combined loading and elastic follow-up tests results in Figure 14 show longer crack incubation times for the same values of K mat achieved for load control tests. However, the microstructural evidence in Figure 10 indicates that there was no change in the mechanism of creep crack incubation between constant load tests and combined loading tests. Therefore, it is unlikely that the intrinsic material toughness for a given incubation time was different for different loading conditions. This suggests two aspects: first, unlike load control conditions, not all the available strain energy provided in combined loading was dissipated to generate creep damage leading to creep crack incubation. Rather, creep deformation led to load relaxation and the degree of elastic follow-up dictated the rate of relaxation. Second, to calculate material toughness, all the dissipated strain energy was included in equation (17) to calculate material toughness. If strain energy was dissipated in load relaxation rather than contributing to creep damage accumulation, then equation (17) overestimates the material toughness. Consequently, the current methods for determining material toughness for creep crack incubation in the laboratory specimens are not adequate for combined loading conditions.
Concluding remarks
The test rigs created in this research provided loading conditions for fracture mechanics specimens that lay between constant load and constant displacement. The test rigs were also designed so that initial misfit longrange residual stresses could be introduced in combination with applied stresses. These experiments differ from earlier approaches [8] [9] [10] where selfequilibrating residual stresses were introduced directly into fracture mechanics specimens.
The experiments in the new test rigs provided measured values of elastic follow-up. It was found that the values obtained were not consistently the same as those provided by theory. In particular, it was found that the experimental values of follow-up were lower than predicted.
The new test rigs were able to provide experimental creep crack incubation times (corresponding to different amounts of crack extension) in the presence of elastic follow-up and with combined residual and applied stresses. In parallel, creep crack incubation times were obtained from conventional load-controlled tests. For the four tests using the new test rigs, it was demonstrated that longer incubation times were attained compared to constant load tests. Tests with elastic follow-up illustrated that there was relaxation of the total and the initial misfit forces on the test specimens. Tests having low values of elastic follow-up (Z;2) resulted in significant relaxation of the initial residual forces and considerable increases in the creep crack incubation time. Tests with Z;7 again exhibited longer incubation times, but at lower levels of residual force relaxation the incubation times were shorter than for Z;2.
The mechanism for crack incubation between constant load and combined loading tests was the same. Therefore, the material toughness measured from the two types of tests would be expected to be the same. However, the measured toughness for the same incubation time from combined loading tests was higher than for constant load tests. Further work will explore models for predicting the relaxation of initial residual forces in the presence of elastic follow-up and their contribution to creep crack incubation.
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